Introduction {#S1}
============

In women, premature ovarian failure or menopause, is characterized by a significant decline in circulating levels of the ovarian steroids, estrogen and progesterone, and a large body of literature indicates that estrogen and progesterone are neuroprotective ([@R1]-[@R3]). By the early 1990's, studies of the degeneration, neuroprotection and regeneration of CNS neurons departed from descriptions of neurons as either dead or alive and the notion of neuronal health as a dynamic equilibrium that spans a spectrum between resilient and vulnerable neuronal states came to be accepted ([@R4]). Thus, at any given time, neurons may be very healthy and functioning well including optimal DNA repair, or somewhere on a slippery slope where they are unhealthy and falling farther and farther behind in DNA repair but not dead. The concept of "neuroendangerment" has been proposed for these unhealthy neurons ([@R5]). They are vulnerable and additional stresses could kill them. However, up to the point of no return, recovery may be possible. Many factors could render a neuron vulnerable. Endogenous factors such as imbalances in homeostasis, hormones, growth factors, cytokine milieu, genetics and ageing probably play important roles. External factors such as stress, diet, exercise, disease and medications are transduced into live or die signals for neurons in ways that are not fully understood. However, systemic infection and cytokines clearly contribute to neuroendangerment ([@R6]).

Neurodegeneration is usually thought of in the context of severe deficits in motor or cognitive function whereas depression and mood disorders have traditionally been viewed as neurochemical deficits. However recently, it has been suggested that even the psychopathologies may involve functional degeneration of critical central neural systems and many are thought to have a serotonergic etiology ([@R7], [@R8]). Moreover, evidence is increasing that depression is accompanied by marked changes in the number or size of neurons and glia in discrete brain regions ([@R5]). Stressful life events are one of the major predisposing risk factors for developing depression, and stress- induced atrophy occurs in hippocampal neurons of rodents ([@R9]).

A prominent feature of neuroprotection is the inhibition of apoptosis. Apoptosis, also called programmed cell death, is a homeostatic process under genetic control that has been evolutionarily conserved to balance cell replication and optimize cellular organization. It is characterized by condensation of chromatin, cell shrinkage, nuclear fragmentation and formation of apoptotic bodies, and the resulting cells are later ingested by phagocites ([@R10]-[@R12]). Apoptosis may proceed through activation of caspases (caspase-dependent pathways) or through translocation of apoptosis inducing factor (AIF) from the mitochondria to the nucleus (caspase-independent pathway) ([@R13])

In tree shrews, stress increased the incidence of apoptosis in the temporal cortex. Moreover, antidepressant treatment reduced apoptotic neurons to control unstressed levels ([@R14]). Nonetheless, examples of serotonin cell death are lacking. The midbrain has not received the attention of the forebrain areas, yet it is the location of the serotonin and norepinephrine cell bodies, and these cells control many forebrain functions associated with stress responsivity ([@R15]). Thus, any loss or degeneration of serotonin neurons could have profound ramifications. We have begun to question whether the steroid hormones, E and P, play a role in serotonin neuron resilience or vulnerability.

Our studies indicate that serotonin neurons contain estrogen receptor beta (ERβ) ([@R16]) and progesterone receptors (PR) ([@R17]). Estrogen and progesterone regulate gene and protein expression in serotonin neurons in a manner that would increase serotonin production, increase serotonin turnover, increase serotonin neural firing and decrease serotonin degradation ([@R18]-[@R20]).

Recently, using Affymetrix array analysis on RNA extracted from the dorsal raphe region or from laser captured serotonin neurons, we found that several genes involved in neurotoxicity such as kynurenin mono-oxygenase ( KMO), or programmed cell death such as c-jun n-terminal kinase (JNK), apoptosis inducing factor (AIF), apoptotic peptidase activating factor (APAF), and DIABLO were decreased by one month of hormone therapy ([@R21], [@R22]). In a further study of protein expression in a small block of tissue containing the serotonin neurons of the dorsal raphe nucleus, we showed that estrogen plus progesterone administration decreased the expression of JNK1 and AIF, as well as decreased the translocation of AIF from the mitochondria to the nucleus ([@R23]). These studies suggested that in the absence of injury, ovarian steroids may decrease apoptosis through a caspase-independent pathway in serotonin neurons.

It is important to note that our model of hormone therapy in primates after surgical menopause does not involve a gross insult to the brain. So, although the neuroprotective effect of hormone therapy has been extensively studied in models of injury to the brain, the neuroprotective actions of hormone therapy in a non-injured environment are not as well understood. However, there is a continuum of lesser insults to the CNS over the course of life such as stress, illness and psychological trauma. Thus, we questioned the potential of ovarian steroids to increase the resilience of serotonin neurons in the absence of injury.

Several methods are available to detect apoptosis or necrosis. In this study we used the TUNEL assay to determine the effect of hormone therapy on DNA fragmentation in the dorsal raphe nucleus and to determine if the fragmentation was occurring in serotonin neurons.

Materials and Methods {#S2}
=====================

The Oregon National Primate Research Center Institutional Animal Care and Use Committee approved this study.

Animals and treatments {#S3}
----------------------

We utilize a non-human primate model of surgical menopause with hormone replacement. Adult female rhesus monkeys (Macaca mulatta) were ovariectomized following their use in other protocols by the surgical personnel of ONPRC according to accepted veterinary surgical protocol. Recently, the time between ovariectomy and initiation of hormone therapy has become a critical issue. Ideally, all the monkeys in a study should be ovariectomized for the same length of time. However, due to cost, we acquired animals that were ovariectomized in other programs and then released into the available pool for terminal studies (1/7 cost of an intact female). We aimed to use monkeys that were ovariectomized within a reasonably short time frame, but long enough to rest and recover from previous protocols. Thus, our animals were assigned between 3 and 8 months after ovariectomy and the average length of time equaled 5.5 months. All animals were born in China and were aged between 7 and 14 years by dental exam. The average age of the animals for which the age was known equaled 8.8 years. They weighed between 4 and 8 kg, and were in good health. Steroid hormone treatments were initiated 3-8 months after ovariectomy. Animals were either treated with placebo (Ovx control group; n=5), or treated with estradiol for 28 days (E group; n=5), or treated with estradiol for 28 days and then supplemented with progesterone for the final 14 of the 28 days (E+P group; n=5), or treated with placebo for 14 days and then treated with progesterone for 14 days (P group; n=5). All twenty animals were processed for terminal deoxynucleotidyl transferase (TdT)-mediated dUTP-biotin nick end labeling (TUNEL).

The ovariectomized control monkeys received empty Silastic capsules (s.c.). The E-treated monkeys were implanted with a 4.5-cm E-filled Silastic capsules (i.d. 0.132 in.; o.d. 0.183 in.; Dow Corning, Midland, MI) filled with crystalline estradiol \[1,3,5(10)-estratrien-3,17-b-diol; Steraloids, Wilton, NH\]. The E+P-treated monkeys received an E-filled capsule and 14 days later, received one 6-cm capsule filled with crystalline P (4-pregnen-3,20 dione; Steraloids). The P-treated monkeys received a placebo capsule and then one 6-cm capsule filled with crystalline P on day 14. All capsules were placed in the periscapular area under ketamine anesthesia (ketamine HCl, 10 mg/kg, s.c.; Fort Dodge Laboratories, Fort Dodge, IA). The monkeys were euthanized at the end of the treatment periods according to procedures recommended by the Panel on Euthanasia of the American Veterinary Association. Each animal was sedated with ketamine, given an overdose of pentobarbital (25 mg/kg, i.v.), and exsanguinated by severance of the descending aorta.

Tissue Preparation for immunohistochemistry {#S4}
-------------------------------------------

Following euthanasia, the left ventricle of the heart was cannulated and the head of each animal was perfused with 1 liter of saline followed by 7 liters of 4% paraformaldehyde in 3.8% borate, pH 9.5 (both solutions made with DEPC-treated water \[0.1% diethyl pyrocarbonate\] to minimize RNase contamination). The brains were removed and dissected. Tissue blocks were post-fixed in 4% paraformaldehyde for 3 h, then transferred to 0.02M potassium phosphate-buffered saline (KPBS) containing 10%, followed by 20% glycerol and 2% dimethyl sulfoxide at 4°C for 3 days to cryoprotect the tissue. After infiltration, the block was frozen in isopentene cooled to −55°C, and stored at −80°C until sectioning. Sections (25 μm) were cut on a sliding microtome, mounted on Super Frost plus slides (Fisher Scientific, Pittsburgh, PA), dehydrated under vacuum and then frozen at −80°C until processing for TUNEL assay.

TUNEL assay {#S5}
-----------

For the *in situ* analysis of DNA fragmentation, the TUNEL staining was performed using a commercial kit (ApopTag Kit-S7100, Chemicon, Temecula, CA). The manufacturer's instructions were followed. Briefly, frozen sections were post-fixed with 1% paraformaldehyde for 15 min followed by a cold solution of ethanol: acetic acid (2:1) for 5 min. Then the slides were washed 2 times with 50 mM phosphate buffer saline (PBS), immersed in 0.5% triton for 15 min, washed 2 times, digested with proteinase K (20 μg/ml) for 15 min and endogenous peroxidase was quenched with 3% H~2~O~2~ for 20 min. After 2 washings, the sections were incubated with TdT enzyme at 37°C for 90 min. This was followed by incubation with anti-digoxigenin-peroxidase for 60 min at room temperature, and color development with H~2~O~2~-3, 3′ diaminobenzidine tetrahydrochloride (DAB, Dojindo Laboratories, Kumamoto, Japan) for 20 min, followed by 3 washes in milli-Q water. Sections were dehydrated in buthanol followed by xylene and then mounted on Superfrost Plus slides (Fischer, Santa Clara, CA) under glass with DPX. Some of the slides were counterstained with 0.5% methyl green and coverslipped. Specimens of post-weaning mammary gland tissue from rats were provided by Chemicon to use as positive control tissue. Extensive apoptosis occurs 3-5 days after weaning of rat pups and post-weaning mammary tissue presents typical chromatin fragmentation labeled with TUNEL. Omission of TdT enzyme from the incubation buffers during processing constituted the technical negative control. Examination of other areas outside of the dorsal raphe constituted the anatomical negative control. Exposure of sections to DNase (700 U/ml) for 1-20 minutes prior to processing through the TUNEL assay constituted a positive control. The region of the dorsal raphe was analyzed and the morphometrical evaluation was made at a magnification of 1,000X with careful registration of the morphological features.

Quantitative Tissue Analysis {#S6}
----------------------------

Sections were morphologically matched between animals using anatomical reference points and a rhesus monkey brain atlas ([@R24]). The Marianas stereological workstation with Slidebook 4.2 was used for analysis. Eight sections were examined through the rostro-caudal extent of the dorsal raphe with a 250μm interval between the sections. A montage of the dorsal raphe area at each level was built by the workstation. For cell counting, the dorsal raphe area was outlined on the montage, defined and measured (μ^2^ total area). Then, TUNEL-positive cells were identified and counted by hand. Type I and type II staining were included. Complete dark staining of the nucleus is called type I, and peripheral staining in the perinuclear area is called type II ([@R25], [@R26]).

The number of TUNEL-positive neurons in the designated area of the eight sections was summed, generating one value of total TUNEL-positive cells for each animal. The individual sums were averaged to obtain the group mean. Slidebook 4.2 provides the square microns of the outlined area. The thickness of each section (25 μm × 8 sections = 200 μm) in microns was used as the length of the region. The average area of the region for each animal (μ^2^ outlined by Slidebook 4.2) was multiplied by the length to obtain the volume of the analyzed region (μ^3^/10^9^ = mm^3^). The total number of TUNEL-positive neurons in each animal was divided by the volume of the area examined to obtain the number of TUNEL-positive neurons per cubic millimeter for each animal. The individual numbers of TUNEL-positive neurons /mm^3^ were then averaged to obtain the group means. Differences in cell numbers between the groups were determined with a Mann-Whitney nonparametric test using Prism Statistical software (Graph-Pad Software, Inc., San Diego, CA, USA) and p \< 0.05 was considered statistically significant.

Double immunostaining TUNEL + tryptophan hydroxylase (TPH) {#S7}
----------------------------------------------------------

Tissue from an ovariectomized animal with a high number of TUNEL-positive neurons was used to perform the double immunostaining for TUNEL and TPH in the dorsal raphe nucleus. The TUNEL staining was executed as described above, using the ApopTag Kit-S7100 commercial kit. After development of the TUNEL staining in DAB, the sections were washed in Tris 0.05M for 5 minutes, washed in 0.02 KPBS (4 times at 15 min each) and post-fixed in 4% paraformaldehyde for 90 minutes. Then, they were washed 4 times with 0.02 M KPBS (15 min each) and incubated with the following blocking solutions: normal goat serum (0.6% NGS, Vector Laboratories, Burlingame, CA) for 1 hour; bovine serum albumin (3% BSA, Sigma, St. Louis, MO) for 1 hour; avidin for 20 min and biotin for 20 min (Vector Laboratories, Burlingame, CA). Sections were incubated at 4°C for 24 h in a rabbit antibody to human TPH (Novus Biologicals, Littleton, CO) diluted 1/3000 in 0.6% NGS, 0.4% triton and KPBS. Sections were rinsed 4 times in KPBS buffer (15 min each), incubated in biotylinated goat anti-rabbit serum for 1 hour (Vector Laboratories, Burlingame, CA), washed 4 times in KPBS buffer (15 min each), incubated with ABC-alkaline phosphatase (ABC-AP) reagent (Vector Laboratories, Burlingame, CA) for 1 hour, washed 4 times in KPBS buffer (15 min each), incubated with blue AP substrate kit (Vector Laboratories, Burlingame, CA) for 35 minutes and washed 2 times in Tris 0.05M (5 min each). Then, a drop of a mounting medium (DAPI, SlowFade Gold, Molecular Probes) was applied to each section, followed by the coverslip. Photomicrographs of the sections were obtained immediately on a Leica DMLB microscope with a Leica DFC290 digital camera.

Hormone Assays {#S8}
--------------

Assays for E and P were performed utilizing a Roche Diagnostics 2010 Elecsys assay instrument. Before these analyses, measurements of E and P on this platform were compared to traditional RIAs as reported previously ([@R27]).

Results {#S9}
=======

TUNEL staining in the dorsal raphe nucleus {#S10}
------------------------------------------

[Figure 1](#F1){ref-type="fig"} illustrates TUNEL staining in the rat mammary gland (positive control tissue) and in the dorsal raphe nucleus. Panels A and B contain photomicrographs of the *rat mammary gland* in the absence (A) and presence (B) of methyl green counterstain. White arrows indicate TUNEL-positive cells in the rat mammary tissue. Panels C and D contain photomicrographs of the *dorsal raphe nucleus* in the absence (C) and presence (D) of methyl green counterstain. The TUNEL positive cells are scattered across the dorsal raphe so distant cells were placed in inserts to panels C and D. The DNA fragmentation detected in the dorsal raphe by the TUNEL assay occurs in two forms referred to as type I and type II ([@R28]-[@R30]). Complete dark staining of the nucleus, called type I, and peripheral staining in the perinuclear area, called type II, may reflect different stages of the DNA fragmentation process that starts in the periphery and moves inward ([@R25]). Alternatively, the perinuclear, type II staining could indicate DNA leakage from the nucleus ([@R26]). Single arrows indicate type I staining and double arrows indicate type II staining. Panel E contains a photomicrograph of a section that was pretreated with DNAse for 10 minutes prior to TUNEL staining and methyl green counterstain. This treatment digested the DNA and more nicks are available for labeling. Thus, there are more TUNEL-positive cells apparent in this small area. Panel F contains a photomicrograph of a counterstained section of the dorsal raphe in which the Tdt enzyme was omitted during the TUNEL assay. The TUNEL staining was abolished by omission of the Tdt enzyme in this negative control section.

In order to perform a stereological analysis of the dorsal raphe nucleus in which positive and negative staining could be segregated, it was necessary to omit the methyl green counterstain. [Figure 2](#F2){ref-type="fig"} contains montages of representative sections stained by TUNEL at three levels of the dorsal raphe nucleus from an ovariectomized placebo treated animal to illustrate the morphological features.

For visual comparison only, [Figure 3](#F3){ref-type="fig"} illustrates the TUNEL staining at the same level (level 5) from one representative animal of each treatment group. Visually, there was a robust decrease in the number of TUNEL-positive cells in the dorsal raphe nucleus from animals treated with E alone, P alone and E+P compared to the placebo treated group (OVX).

Eight levels of the dorsal raphe nucleus, which were 250μ apart in a rostral to caudal direction from all 20 animals were processed for TUNEL staining (n=5 animals/group) and the results are illustrated in [Figure 4](#F4){ref-type="fig"}. However, there was individual variation between monkeys hindering analysis of variance across all treatment groups. Nonetheless as illustrated in [Figure 4A](#F4){ref-type="fig"}, comparison of individual groups with the OVX-placebo group using a Mann-Whitney nonparametric test confirmed that both P treatment and E+P treatment caused a significant decrease in the total number of TUNEL-positive cells in the 8 levels of dorsal raphe nucleus that were measured (p =0.04, both treatments). When the number of TUNEL-positive cells/cubic millimeter (mm^3^) was computed, there was a significant reduction of TUNEL-positive cells after treatment with E+P (p=0.04), and a nearly significant reduction occurred with P-alone (p=0.1) as illustrated in [Figure 4B](#F4){ref-type="fig"}. The total area that was measured did not differ between groups ([Figure 4C](#F4){ref-type="fig"}).

Double immunostaining for TUNEL plus tryptophan hydroxylase (TPH) {#S11}
-----------------------------------------------------------------

To determine if serotonin neurons exhibited DNA fragmentation, sections from an OVX placebo-treated animal were double immunolabeled for TUNEL plus TPH. In this experiment, the TUNEL was developed with DAB yielding a nuclear or perinuclear brown reaction product, and TPH was developed with alkaline phosphatase and blue substrate yielding a blue cytoplasmic product. [Figure 5](#F5){ref-type="fig"} contains photomicrographs of serotonin neurons that exhibit DNA fragmentation as well as, TUNEL-negative serotonin neurons. Type I and type II TUNEL staining was observed in serotonin neurons. The double-labeled neurons with brown TUNEL staining and blue TPH staining are indicated with 2 different black arrows. Serotonin neurons with type I staining are indicated with black single arrows and serotonin neurons with type II staining are indicated with black double-headed arrows. Serotonin neurons, which lack detectable TUNEL staining, are indicated with green arrows. In addition, the TUNEL-positive serotonin neurons exhibit different degrees of cellular degradation. That is, some neurons are still relatively intact with dense TPH cytoplasmic staining whereas other neurons are degraded with little visible cytoplasmic TPH. TUNEL-positive neurons that appear severely degraded and disintegrated are indicated with red arrows. This leads to the speculation that a significant number of the TUNEL-positive cells with little or no visible TPH staining may have been serotonergic, but degradation and disintegration were advanced and/or phagocytosis was underway at the time of euthanasia.

Hormone Concentrations {#S12}
----------------------

Serum estradiol concentrations (pg/ml±SEM) equaled 8.4±1.7, 78.6±7.1, 14.0±6.1, and 89.0±12.7 in the placebo, E, P and E+P treated groups, respectively (n=5/treatment; ANOVA p \<0.0001). Serum progesterone concentrations (ng/ml±SEM) equaled 0.09±0.02, 0.14±0.02, 6.1±0.6 and 3.8±0.7 in the placebo, E, P and E+P treated groups, respectively (n=5/treatment; ANOVA p\<0.0001). The estrogen concentrations are similar to levels observed in the early to mid-follicular phase and the progesterone concentrations are similar to levels observed in the mid-luteal phase. Estrogen is also present at these concentrations in the mid-luteal phase.

Discussion {#S13}
==========

Several methods are available to detect apoptosis or necrosis. The most labor intensive is electron microscopy, which can detect nuclear fragmentation. This procedure is difficult to apply to large areas and suffers from low numbers of total recorded events. DNA laddering can be detected in cell homogenates but morphological features are lost. Another well accepted method is the TUNEL assay. TUNEL (terminal deoxynucleotidyl transferase nick end labeling) is commonly employed to detect DNA condensation and fragmentation although it cannot distinguish between different kinds of cell death such as apoptosis or necrosis. Nonetheless, one is able to screen large areas of neurons for early and late stages of DNA fragmentation.

Using a model of surgical menopause in monkeys, this study showed that progesterone administered alone or in conjunction with estrogen, decreased the number of TUNEL-positive cells in the dorsal raphe nucleus, and that TUNEL staining co-localized in serotonin neurons in the dorsal raphe nucleus. This implies a protective role for ovarian steroids in serotonergic neurons in nonhuman primates that did not suffer any kind of experimental brain injury.

Apoptosis is a highly regulated cellular process, with an important role in the regulation of the number of cells during development and in the maintenance of tissue homeostasis in adult life ([@R31]). Apoptosis can proceed by a caspase- dependent pathway, or a caspase-independent pathway that culminates in the translocation of apoptosis inducing factor (AIF). The caspases are present in the cytoplasm in an inactive proform and require proteolytic processing to be activated. Then, they cleave cytoskeletal and nuclear proteins, which are essential for maintenance of cell structure, as well as enzymes related to metabolic and repair mechanisms ([@R12]). They also can cleave the anti-apoptotic protein Bcl-2, which results in a pro-apoptotic cleavage product ([@R32]).

Several studies have shown that the caspase-dependent pathway is activated following injury to neural tissue ([@R33]-[@R35]), but few studies have examined apoptosis and/or neuroprotective effects of steroids in the non-injured brain, such as would be the case in the majority of postmenopausal women. Other studies have shown that estrogen and progesterone increase the expression of anti-apoptotic genes and/or down-regulate the pro-apoptotic ones ([@R22], [@R36]-[@R39]). In rodent models, administration of estrogen prior to, or coincident with, trauma or global ischemia decreased tissue damage ([@R40], [@R41]). Moreover, caspases were activated in the damaged tissue suggesting that the caspase-dependent pathway is involved in apoptosis resulting from ischemia ([@R31], [@R42]). In addition, estrogen treatment decreases caspase activation in the damaged area of the brain ([@R43]). In the neocortex of rats injected with gp120, a human glycoprotein, which may be responsible for the neuronal loss observed post-mortem in the brain of AIDS patients, estrogen reduced apoptosis by a mechanism involving activation of estrogen receptors (ER) ([@R44]).

We previously found that ovarian steroid treatment decreased the expression of a number of pivotal genes in the caspase-dependent and caspase-independent pathways in laser captured neurons from non-injured macaques ([@R22]). To determine if these changes in gene expression translated to changes in protein expression, we examined apoptosis-related proteins in a small block of the midbrain containing the dorsal raphe nucleus from monkeys that were ovariectomized and treated with placebo, estrogen or estrogen plus progesterone. We found that hormone treatment significantly decreased JNK1 and AIF expression, and decreased the translocation of AIF from the mitochondria to the nucleus ([@R23]), suggesting that in the absence of overt injury to the midbrain, ovarian steroids suppress the caspase-independent pathway in the dorsal raphe nucleus. This would encourage serotonin neuronal resilience and decrease cellular vulnerability to stresses associated with normal life such as disease-generated cytokines, free radicals or psychological trauma.

This study confirms the hypothesis that ovarian steroids protect serotonin neurons from DNA fragmentation, which may be an indication of neuroendangerment. Although there was a downward trend with estrogen treatment, progesterone appears to play a more important role than previously thought, in that progesterone alone and estrogen plus progesterone treatment significantly reduced TUNEL-positive cells. TUNEL staining could not distinguish between DNA fragmentation due to apoptosis or necrosis. However, apoptotic cells are phagocytosed by nearby resident cells, typically without generating an acute inflammatory response. Therefore, infiltration of neutrophils does not occur with apoptosis as it does with ischemic cellular necrosis. We did not observe neutrophil infiltration in the dorsal raphe suggesting that the DNA fragmentation is a result of apoptotic pathway activation.

There was individual variation within the treatment groups, which may have decreased with more animals, but the cost of nonhuman primates is prohibitive. We only treated with ovarian steroids for one month and this may also be a contributing factor. That is, longer treatment periods may have resulted in more consistent reduction of TUNEL staining. Likewise, these were Chinese rhesus macaques and they were not genotyped. Hence as with human populations, there could be genetic predisposition and/or other developmental variables that render a primate more or less sensitive to the actions of ovarian steroids on DNA fragmentation.

It may be questioned how E and P decrease DNA fragmentation after one month of treatment. That is, are they reversing a process that is underway? We speculate that DNA repair is possible if the fragmentation process has not proceeded to an advanced stage. Indeed, some of the milder affected cells with minor type II staining could be rescued with hormone therapy. Future studies on DNA repair mechanisms are certainly indicated. Moreover, this question redirects attention to the issue of the length of time after ovariectomy before hormone therapy is initiated. Our animals were treated between 3 and 8 months after ovariectomy. After longer time periods, DNA fragmentation may be more advanced, neurons may die and rescue may become impossible. Moreover, there may be a difference between 3 and 8 months of ovariectomy, which is more profound than previously anticipated. Unfortunately, it is extremely unlikely to have 20 animals available for assignment that were ovariectomized at the same time, so we have to use a practical time frame.

Recent clinical studies have shown that hormone therapy administered during the perimenopausal period is beneficial for treatment of depressive and anxious symptoms associated with the onset of menopause ([@R45], [@R46]). However, the Women's Health Initiative found that hormone therapy initiated many years after menopause was harmful in neural systems that have a serotonergic component, such as integrative cognition ([@R47]). Moreover, Brinton and colleagues demonstrated that estrogen treatment of unhealthy cells is disastrous for the cell, whereas estrogen treatment of healthy cells is neuroprotective ([@R48], [@R49]). In light of the data from this study, it is attractive to speculate that hormone therapy administered long after menopause will act deleteriously on the advanced TUNEL- positive cells of the dorsal raphe nucleus and promote the death of serotonin neurons. Conversely, hormone therapy at perimenopause will act in the raphe with few TUNEL- positive cells and thus promote cellular resilience amongst the serotonin neuronal population. Extrapolating from this data it is reasonable to speculate that there would be loss of serotonin neurons with aging and accompanying diseases. Studies of serotonin cell number, serotonin function and serotonin sensitivity in animals and humans across the lifespan and at different times after ovariectomy would be very informative.

The neuroprotective role of progesterone has been studied in different experimental models such as traumatic brain injury, induced ischemia and spinal cord lesions ([@R50]). In rats, after traumatic brain injury, progesterone treatment reduces edema and increases the number of surviving neurons ([@R51], [@R52]). In mice, progesterone has a beneficial effect on motor ability and spatial memory performance after cerebral ischemia ([@R53]) and in a model of brain injury in rats, progesterone decreased apoptotic cell death by decreasing expression of the pro-apoptotic protein, caspase-3 ([@R54]). Progesterone significantly reduced the neuronal loss in hippocampus and in the caudate nucleus after global ischemia ([@R55], [@R56]). Moreover progesterone exhibits neuroprotective effects in several neurodegenerative conditions such as stroke, Alzheimer's disease and schizophrenia ([@R50], [@R57]).

Notably, allopregnanolone, a progesterone metabolite that acts at GABA-A receptors, exhibits anti-apoptotic effects and reduces functional deficits in rats after traumatic brain injury ([@R54]), suggesting that allopregnanolone could be the molecule through which progesterone induces its neuroprotective effects. In the absence of estrogen treatment, the expression of nuclear progestin receptors (PR) would be reduced ([@R58], [@R59]). Therefore, in this study the decrease in TUNEL staining observed in the progesterone-only treatment group is consistent with an action through allopregnanolone. In the estrogen+progesterone treatment group, nuclear PR would be induced by estrogen, and therefore progesterone could additionally work through PR to promote cellular resilience. Likewise, the decrease in TUNEL staining with estrogen+progesterone could be solely due to an action of allopregnanolone. The intracellular crosstalk between allopregnanolone, the GABA-A receptor and the apoptosis-related pathways needs further investigation.

TUNEL staining was restricted to the dorsal and median raphe nuclei in that it was not observed in other regions of the midbrain. As shown in our previous work, AIF immunostaining was confined to the serotonin-like neurons of the raphe and was not observed in other midbrain structures either ([@R23]). Thus, TUNEL staining and AIF staining were largely confined to serotonin neurons in the midbrain, which also express robust concentrations of NFkB ([@R60]). Altogether the data from the microarray studies, the protein studies and the TUNEL studies point to ovarian steroids decreasing activity of the caspase-independent pathway and preventing re-entry into the cell cycle. Upon steroid withdrawal, there is an increase in cyclins, and an increase in JNK1 and AIF translocation to the nucleus, which lead to DNA fragmentation. In addition, there is a robust pool of NFkB in serotonin neurons, and NFkB translocation to the nucleus increases upon steroid withdrawal. Each of these proteins transduces stress signals such as cytokine and toll receptor activation.

Altogether, ovarian steroids, by affecting the balance between apoptotic and anti-apoptotic genes, may protect serotonin neurons from cell death induced by several stimuli such as hypoxia, oxidative stress, neurotoxic agents or glucose deprivation ([@R61]). However, different mechanisms may be involved in normal and injured tissues. Comparison of our data with studies in injured brain requires consideration that DNA degradation depends on several interacting pathways and different insults (or their absence) can activate different signaling events. Consequently this may lead to different morphology for chromatin condensation and DNA fragmentation ([@R62]).

In summary, progesterone alone or in conjunction with estrogen, was neuroprotective in an animal model of surgical menopause by decreasing DNA fragmentation in serotonin neurons of the dorsal raphe nucleus. This action would increase the cellular resilience of serotonin neurons to normal life stresses and may prevent premature serotonin neuron death in women facing decades of life after menopause.
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![Illustration of DNA fragmentation and TUNEL staining in the post-weaning rat-mammary gland and in the dorsal raphe nucleus of rhesus monkeys. There are 2 staining patterns observed which have been previously reported in other models and referred to as type I and type II. Complete dark staining of the nucleus, type I, and peripheral staining in the perinuclear area, type II, may reflect different stages of the DNA fragmentation process that starts in the periphery and moves inward. Alternatively, the perinuclear, type II staining could indicate DNA leakage from the nucleus. White arrows indicate TUNEL positive cells in the rat mammary gland. Single-head arrows indicate Type I staining and double-head arrows indicate Type II staining in the dorsal raphe nucleus. The magnification of Panel A applies to Panel B. The magnification of Panel C also applies to Panels D, E and F.\
Panel A - TUNEL staining of the mammary gland without counterstain.\
Panel B - TUNEL staining of the mammary gland with methyl green counterstain.\
Panel C - TUNEL staining in the dorsal raphe nucleus without counterstain.\
Panel D --- TUNEL staining of the dorsal raphe nucleus with methyl green counterstain.\
Panel E- TUNEL staining of the dorsal raphe nucleus after exposure of the section to DNAse for 10 minutes prior to TUNEL assay. There is an increase in the number of cells exhibiting different degrees of DNA fragmentation.\
Panel F --- negative control section of the dorsal raphe generated by omission of the Tdt reagent in the TUNEL assay. There was no apparent DNA fragmentation detected.](nihms-139944-f0001){#F1}

![Illustration of the anatomical area where the TUNEL staining was counted. Photomicrographs of the montages of 3 levels (out of a total of 8 levels analyzed) of the dorsal raphe nucleus from an ovariectomized monkey treated with placebo that manifest robust TUNEL staining. The montage was built automatically by Slidebook 4.2 and the stereology microscope. Arrows indicate TUNEL positive cells.](nihms-139944-f0002){#F2}

![Comparison of TUNEL staining at the same level (level 5) of the dorsal raphe nucleus from a representative animal in each treatment group to visually illustrate the marked differences in the number of TUNEL positive cells. The animals were ovariectomized and treated with placebo (OVX), estradiol (E), progesterone (P) or estradiol plus progesterone (EP) for 28 days. Arrows indicate TUNEL positive cells.](nihms-139944-f0003){#F3}

![Histograms illustrating the results of stereological analysis of the number of TUNEL-positive neurons in the dorsal raphe nucleus of rhesus macaques treated for 28 days with placebo (OVX), estradiol (E), progesterone (P) or estradiol plus progesterone (EP). TUNEL stained neurons were counted on the montage within a defined area (μ^2^).\
(A) Average (±SEM) of the total number of TUNEL-positive cells in 8 levels of the dorsal raphe nucleus in each treatment group (n=5 animals/group). There was a significant decrease in the total number of TUNEL positive neurons in the P and EP- treated groups compared with the OVX group (p=0.04 for P versus Ovx and p=0.04 for EP versus Ovx, Mann-Whitney nonparametric test).\
(B) Average (±SEM) of the TUNEL-positive neurons per cubic millimeter (mm^3^) of eight levels of the dorsal raphe nucleus in each treatment group (n=5 animals/group). There was a significant decrease in TUNEL-positive cells/mm^3^ in the E+P- treated group (p=0.04, Mann-Whitney nonparametric test), while the P group was nearly significantly different (p=0.1, Mann-Whitney nonparametric test).\
(C) Comparison of the total volume of the area measured in each treatment group showed no difference.](nihms-139944-f0004){#F4}

![Illustration of colocalization of TUNEL staining and tryptophan hydroxylase (TPH) in neurons of the dorsal raphe nucleus. Photomicrographs are from the dorsal raphe nucleus of an OVX monkey following double-immunohistochemistry for TPH (blue, cytoplasmic) and TUNEL (brown, nuclear, perinuclear). Single arrows indicate double-labeled neurons with type I TUNEL staining. Double-headed arrows indicate double-labeled neurons with type II TUNEL staining. Green arrows indicate neurons that are stained only for TPH. Red arrows indicate TUNEL-positive neurons that are in advanced stages of disintegration.\
Photomicrograph of a region of the dorsal raphe containing 2, or possibly 3, serotonin neurons with no TUNEL staining (green arrows and adjacent cell). One cell is present with TUNEL staining in the perinuclear area and TPH staining in the cytoplasm (double arrow). Other TUNEL positive cells are apparent that are either not serotonergic or degradation has proceeded to the point that TPH is no longer present. The scale bar also applies to panels B, C and the upper left picture in panel E.Photomicrograph of a region of the dorsal raphe containing TUNEL-positive cells at different stages of disintegration. The double-headed arrow highlights a TUNEL-positive cell with TPH-positive cytoplasm remaining. The red arrow highlights a TUNEL-positive cell in an advanced stage of degradation with little TPH-positive cytoplasm remaining. Other TUNEL positive cells are evident that are either not serotonergic or degradation has proceeded to the point that TPH is no longer present.Photomicrograph of a region of the dorsal raphe from an ovariectomized macaque treated with placebo that exhibited very high numbers of TUNEL positive cells in the stereological analysis. There are few remnants of TPH-positive cytoplasm remaining in this cluster of dying cells.Photomicrograph of two neurons double-labeled for TUNEL and TPH. The left neuron exhibits type I TUNEL staining (single arrow), which is predominantly nuclear, whereas the right neuron exhibits type II staining (double arrow) in which the DNA fragmentation is perinuclear.Multi-panel with photomicrographs of TPH-positive neurons with different degrees of DNA fragmentation, and one TPH-positive neurons with no apparent TUNEL staining (bottom right, green arrow). Single arrows indicate serotonin neurons with type I TUNEL staining and double-headed arrows indicate serotonin neurons with type II TUNEL staining. The red arrows indicate serotonin neurons with TUNEL staining that is in an advanced stage of degradation as indicated by the sparse TPH staining.Photomicrograph of a region of the dorsal raphe that contains a neuron that is double labeled for TUNEL and TPH (double arrow), a serotonin neuron with no apparent TUNEL stain (green arrow), and a TUNEL---positive neuron in an advanced stage of degradation (red arrow).Photomicrograph of the periaquaductal gray region of the same section as panel C. There was no apparent TUNEL staining in this region. TUNEL staining was absent or rare in other adjacent neural structures of the midbrain suggesting that serotonin neurons are particularly vulnerable to steroid withdrawal.](nihms-139944-f0005){#F5}
